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We deployed a small, 80 kg, neutrino detector based on solid plastic scintillator, called MiniCHAN-
DLER for nearly three months at a distance of 25 m from a 2.9 GW thermal power reactor core at
the North Anna Nuclear Generating Station. We report the detection of an antineutrino signal of
2880 events resulting from inverse beta decay at 5.5σ significance with no overburden and minimal
shielding. This result also demonstrates that 3D segmentation can be used to significantly improve
the signal to noise ratio, in this case by a factor of 4. In addition, this measurement represents
the first observation of the positron spectrum in a small, surface-deployed detector and the first
observation of reactor neutrinos with a street-legal, mobile neutrino detector.
PACS numbers: 14.60.Lm, 29.40.Mc, 28.41.Rc
I. INTRODUCTION
Nuclear reactors have long been known to be a copious
source of electron antineutrinos (ν¯e) which are emitted
as a byproduct of nuclear fission. It is not surprising,
therefore, that neutrinos were proposed as a method to
monitor nuclear reactor operations more than 40 years
ago [1]. Neutrino reactor monitoring is non-intrusive,
since it can be performed from outside the reactor build-
ing. The reactor neutrino signal depends on both the
reactor power and the composition of the reactor core.
In particular, a core that is rich in plutonium will pro-
duce a neutrino spectrum of lower average energy than
a reactor that is rich in uranium. These two signatures
can be effectively disentangled by simultaneously measur-
ing the neutrino rate and energy spectrum. Case stud-
ies [2, 3] have revealed an important advantage of neu-
trino monitoring compared to the usual non-proliferation
safeguards, which rely on a continuous history of reac-
tor operations and re-fuelings: Should this continuity of
knowledge be lost for a reactor, it is extremely difficult to
restore. Neutrino reactor monitoring would not rely on
a detailed knowledge of the reactors operational history,
and thus the continuity of knowledge issue is avoided al-
together.
Reines and Cowan used a reactor as the source for
their 1956 neutrino discovery experiment [4]. Since then,
many generations of reactor neutrino experiments have
followed, all of which have relied upon a significant over-
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burden to shield from cosmic rays. For a real-world ap-
plication, such as nuclear non-proliferation safeguards, it
is exactly this dependence on overburden that has pre-
vented the adoption of neutrino technologies. Practical
applications require detectors which can operate without
overburden and with minimal shielding. In this paper
we describe such a detector technology and report the
observation of reactor neutrinos with a prototype.
In the typical reactor neutrino detector, electron an-
tineutrinos are observed via the inverse beta decay pro-
cess (IBD), in which the neutrino interacts with a hy-
drogen nucleus in an organic scintillator producing a
positron and a neutron
ν¯e + p→ e+ + n . (1)
The positron deposits its kinetic energy in the scintillator
and annihilates, resulting in a prompt (or primary) flash
of light, while the neutron thermalizes and is captured
by a nucleus, producing a delayed (or secondary) signal.
The signature of the IBD interaction is the coincidence,
in space and time, of positron and neutron-like events.
This compares favorably to the two largest backgrounds
which are 1) fast neutrons from the cosmic ray flux that
recoil off of a proton in the scintillator and capture, and
2) random coincidence between unrelated positron and
neutron-like events. The random coincident events have
no correlation in space or time, while the fast neutron
events generally share the temporal correlation of the
IBD events but have a larger mean spatial separations
due to the greater initial neutron energy and hence speed.
The CHANDLER (Carbon Hydrogen Anti-Neutrino
Detector with a Lithium Enhanced Raghavan optical lat-
tice) detector technology is designed for the detection and
precision spectral measurement of reactor electron an-
tineutrinos in the high-background surface-level environ-
ment. It also allows for highly portable detectors, which
are easy to assemble and easy to maintain, while elim-
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2FIG. 1. Left: the MiniCHANDLER detector during assembly, with one side open showing the alternating layers of wavelength
shifting, plastic scintillator cubes and neutron sheets. Right: the Mobile Neutrino Lab.
inating the complications and hazards associated with
liquid scintillator. The CHANDLER design is based on
the optical lattice, which was invented by Raju Raghavan
as a part of the LENS R&D program [5]. The Raghavan
optical lattice (ROL) transports light by total internal re-
flection along rows and columns of cubes. This gives the
detector spatial resolution at the level of a single cube,
while at the same time maximizing the light collection
efficiency. In CHANDLER, the ROL is formed out of
layers of plastic scintillating cubes in a tightly packed
rectangular array, which are stacked in alternating layers
with thin neutron detection sheets. The plastics used in
the detector materials naturally maintain a thin air gap
between the cubes and at the cube sheet interface, which
is required for total internal reflection. The plastic scin-
tillator is doped with a wavelength shifting compound so
that the light emitted by the neutron sheets can be cap-
tured in the cubes, re-emitted and then, transmitted by
total internal reflection. The key to this pairing of plastic
scintillator with neutron detection sheets is that the scin-
tillator used in the neutron sheets releases its light much
more slowly than the plastic, and this results in a clean
neutron signature. Pairing neutron sheets with scintilla-
tor cubes was first implemented by the SoLid Collabo-
ration [6], in which optically isolated cubes are readout
by wavelength shifting fibers running along the edge of
rows and columns of cubes. Replacing the fiber read-
out with a ROL increases the energy resolution while
maintaining the high spatial resolution and clean neu-
tron tag of the SoLid design. When combined, these
properties have significant advantages in the rejection of
backgrounds that would otherwise overwhelm the neu-
trino signal in a surface-level detector.
The neutron detection sheets and plastic scintillator
used in CHANDLER are sold commercially by Eljen
Technology as EJ-426 and EJ-260 respectively. EJ-426 is
composed of micro-particles of lithium-6 fluoride (6LiF)
mixed with micro-crystals of silver activated zinc sulfide
(ZnS:Ag) scintillator. Thermal neutrons are captured by
a 6Li nucleus, resulting in a α-particle and a triton which,
due to their high specific energy loss, deposit their en-
ergy very locally in the ZnS:Ag scintillator. ZnS:Ag has
a scintillation decay constant of about 200 ns, which is
about 20 times longer than the decay time of the EJ-260
scintillator used in the cubes. This large difference in
the scintillation light decay times is used to identify the
neutron captures and separate them from signals orig-
inating in the plastic scintillator. The cube segmenta-
tion in CHANDLER makes it possible to do an unbi-
ased prompt/delayed spatial separation cut that is well
matched to the typical positron/neutron separation of
an IBD event. Compared to the standard Daya Bay
analysis [7], which uses no spatial separation cut, the
coincidence volume in CHANDLER is reduced by a fac-
tor of more than 2000. In addition, this segmentation
can be used to veto fast neutron events with associated
proton recoils in more than one cube, and to tag the
511 keV gammas from positron annihilation in an IBD
event. Together these topological selections have enabled
us to identify the IBD events in a surface-level detector
where correlated background events outnumber the true
IBD events by more than 400 to 1.
The MiniCHANDLER detector is a 80 kg prototype of
the full CHANDLER detector. MiniCHANDLER was
designed to maximize the detector mass within our lim-
ited project budget with a detector that replicates light
transportation from the middle of the envisioned full-
scale detector. At that time, we envisioned the full
CHANDLER detector to be a 16×16×16 array of 62 mm
cubes, readout by two-inch photomultiplier tubes (PMT)
at both ends of each cube row and column. MiniCHAN-
DLER consists of five layers of 8 × 8 cubes readout by
3PMTs on only one end of each cube row and column.
MiniCHANDLER has six neutron sheet layers: above
and below each cube layer and are optically connected to
the cube layers on both sides.
The PMTs used in MiniCHANDLER are re-purposed
Amperex XP2202s which came with a custom-built,
resistive-divider base. The PMTs are operated at neg-
ative high voltage supplied by an older model CAEN
mainframe with each channel individually tunable. The
PMT signals were readout by a CAEN V1740 waveform
digitizer with 62.5 MHz sample rate, a 12-bit ADC and
64 channels per card. To ensure high fidelity with this
relatively sparse sample rate, the PMT signals were first
passed through a pre-amplifier to shape the signal with a
25 ns time constant. The V1470 was internally triggered
on every instance of a channel at or above 14 ADC counts
over baseline. Each trigger led to a 129-sample readout
of all channels in the module starting about 35 samples
before the trigger. Two independently-triggered V1470
modules were used to read out the full detector.
Data from the waveform digitizers was sent to the DAQ
computer over an optical link, where it was processed
through a zero-suppression algorithm to suppress data
from channels in which the waveform never deviated by
12 ADC or more from the baseline. Only after this zero
suppression was the data written to disk as separate files
for each module. The two data streams were merged off-
line using events from an external strobe trigger (with
a rate of slightly less than 1 Hz) to continuously syn-
chronize the merging based on the time-stamps from the
modules’ internal clocks. The strobe trigger merging was
used to estimate the DAQ efficiency, which we found to
be greater than 99.5%.
II. REACTOR AND DEPLOYMENT
The MiniCHANDLER detector, electronics and DAQ
computing were loaded into a 14 foot trailer, dubbed the
Mobile Neutrino Lab, which was equipped with a care-
fully designed quiet power supply, wi-fi connectivity, and
air conditioning, as shown in the right hand panel of
Fig. 1. On June 15, 2017, after several weeks of com-
missioning and testing at Virginia Tech, the trailer was
moved to the North Anna Nuclear Generating Station in
Mineral, Virginia. The North Anna Plant consists of two
pressurized water reactors, each with a licensed thermal
power of 2940 MW [8]. The Mobile Neutrino Lab was
deployed next to Reactor 2, at a distance of about 25 m
from the center of the core. At this location it was ap-
proximately 90 m from the core of Reactor 1, which was
therefore responsible for about 7% of the neutrino inter-
actions in the detector [9]. The detector and DAQ were
up and running in less than one day, which marked the
start of the site specific commissioning. To combat the
increased thermal neutron rate from the reactor the de-
tector was encased in a layer of 1-inch thick boron-loaded
polyethylene with holes for the PMTs. We also learned
First Last Good
Period Run Run Runs Reason for New Period
1 40000 40306 258 Start (10 ADC threshold)
2 40341 40506 164 Streamlined disk I/O
3 40517 40777 255 Trigger threshold to 14 ADCs
4 40778 40782 5 Reactor ramp down
5 40783 41365 569 Reactor off
6 41404 41531 118 High voltage re-tune
7 41532 41594 49 Reactor ramp up
8 41595 42090 476 Reactor at full power
TABLE I. Description of the operational run periods.
Columns two and three are run numbers.
that Mineral, Virginia is named for its natural abundance
of uranium and thorium bearing ore which was used as
aggregate in the plant’s concrete structures. This led to a
higher gamma rate than we had experienced at Virginia
Tech. To combat this we added an inch of lead shielding
below the detector, and on the two sides closest to the
containment building.
With commissioning complete, the data run began on
August 9, 2017 and ran through November 2, 2017. Dur-
ing this time we took 1133.6 hours of good reactor-on
data and 675.4 hours of reactor-off data. The data are
divided into eight periods, where the transition between
periods corresponds to changes in the operational state
of either the detector system or the reactor. Table I de-
scribes the different periods, and lists the reasons for the
start of each a new operational period. Of particular
note is the transition from period 2 to period 3, which
corresponds to a shift in the trigger threshold from 10
ADCs to 14 ADCs. This became necessary when a ship-
ping container full of low-grade activated equipment was
parked next to the Mobile Neutrino Lab in preparation
for the refueling of Reactor 2.
III. CALIBRATION
For the study described here, a highly-accurate energy
model and reconstruction was neither a requirement nor
an objective. Nevertheless, matching the known energy
dependence of reactor neutrinos in an observed reactor-
on excess would be an important confirmation of neu-
trino detection. In addition, we were motivated to test
a novel energy calibration source made possible by the
high-segmentation of the ROL. Specifically, in polyvinyl
toluene, a minimum ionizing particle has a dE/dx of
about 2 MeV/cm [10], which means that a muon, pass-
ing vertically through a 6 cm cube deposits an average
of around 12 MeV. In the following section we describes
how vertical muons are used to measure the light pattern
from every cube location in the detector and to fix the
energy scale at around 12 MeV. In the full CHANDLER
detector, naturally-occurring radioactive isotopes present
in the detector materials will be used to pin down the en-
ergy response near 1 MeV, and ex situ measurements of
the scintillator properties will be used to map out any
4non-linearity in the scintillator response, but for this test
we assume a proportional energy response for energies
below 12 MeV.
The PMT high voltage was initially tuned to align the
muon peaks across all channels to 1500 ADCs. To ac-
count for gain fluctuations, the muon peak was measured
in each channel for each run and the measured ADC val-
ues were scaled to realign the muon peaks. In this con-
text the muon peaks are not limited to vertical muons,
which have limited statistics in a single run, but include
all triggers across all cube positions.
IV. EVENT RECONSTRUCTION
Neutron identification in MiniCHANDLER is based
on pulse shape discrimination, using the factor of 20
difference in the scintillation light decay times between
the neutron sheets and the scintillator cubes. A naive
particle identification (PID) variable can be formed by
the ratio of the area under the waveform divided by its
peak value. Large values of this variable correspond to
neutron-like events, while small values correspond to sig-
nals generated in the plastic scintillator. Large signals,
with peak values greater than 1000 ADCs are eliminated
from considerations. If a signal satisfies our neutron PID
criterion in at least one view, the whole event becomes a
neutron candidate.
Instrumental effects in MiniCHANDLER, such as
PMT flashers and analog overshoot from an earlier large
pulse, can generate signals that satisfy the naive neu-
tron PID selection, fortunately these effects almost never
replicate the decaying light intensity of an energy depo-
sition in the neutron sheet. We use a template-based
χ2-criterion to reject these instrumental backgrounds
from the neutron candidate list. To obtain the neutron-
template we begin with a sample of 100 hand-selected
neutron capture waveforms. Each waveform is divided
into eight regions. In each region, the ADC counts
over baseline are summed, and these sums are divided
by the total over all regions to form normalized am-
plitudes. Then these normalized amplitudes are aver-
aged over the 100 hand-selected waveforms to form the
neutron-template. Since, events in the plastic scintilla-
tor have short pulses which are contained entirely in the
first region, the gamma-template is trivial. With these
templates the neutron selection proceeds as follows.
Within each view of each layers, we select the chan-
nel with the highest amplitude signal, compute its nor-
malized amplitudes and uncertainties in the eight re-
gions, and compute the χ2s relative to both the neu-
tron (χ2n) and gamma (χ
2
γ) templates. The reduced χ
2s
from the x- and y-views are summed and we select good
neutrons satisfying the criteria
∑
x,y χ
2
ni/νi < 8 and∑
x,y χ
2
γi/νi > 150, where νi is the number of time bins
in the template, effectively the number of degrees of free-
dom. This xy-matching fixes the position of the neutron
candidates.
Once neutron identification in a layer is done, we check
the consistency of xy-matched neutrons from different
layers. Neutron candidate events generally exhibit low
occupancy in the detector. Therefore, the xy-position of
an event is simply given by the location of those PMTs
which see the most light. For about half of all neutron
capture events we see light on only one side of the neu-
tron sheet. We call these events “cube” neutrons since
we can not distinguish whether the capture happened in
the sheet above or below the cube. In these events the
neutron z-position is assigned to the middle of the cube.
For the remainder of events the neutron capture is seen
on both sides, and the neutron capture position is known
at the sheet level; we call these events“sheet” neutrons.
Any event with more than one neutron candidate among
the 5 layers is rejected. Tests with Li-free neutron sheets
in our MicroCHANDLER prototype have shown that in
the absence of 6Li there are practically no neutron-like
signals in the detector. Therefore, for the purpose of
this analysis, we treat all neutron-like events as neutrons
without introducing any bias.
Event reconstruction for prompt events is somewhat
more complicated than for neutrons because the num-
ber of active cubes in the detector is often greater than
one due to the Compton scatters of positron annihilation
gammas in IBD events, and the possibility of multiple
proton recoils in fast neutron backgrounds. In order to
use this topological information, we need a reconstruction
that is capable of evaluating energy depositions in mul-
tiple active cubes, with the challenge being when there
is more than one active cube in a single detector layer.
This is a non-trivial problem, because in each detector
layer we have 2× 8 observed PMT signals, but there are
8 × 8 unique cube locations in which energy may have
been deposited. If we knew the true energy deposition in
each cube in the layer, expressed as a 64-component vec-
tor, e, we could write an expression for expected PMT
responses as the 16-component vector, p. This forward
problem is given by
p = M · e , (2)
where M is the 16× 64 transfer matrix. Each element of
the transfer matrix, Mij , describes the size of the signal
in PMT j arising from a 1 MeV energy deposition in cube
i. This transfer matrix includes all effects arising from
light propagation, including attenuation and scattering,
and electronics cross talk. Although, about 80% of the
light detected is observed in the PMTs at the ends of the
row and column centered on the emitting cube in, the re-
maining 20% of light is spread out across the other PMTs
in the plane. This unchanneled light is due to tiny imper-
fections in the ROL, and to scattering in the bulk of the
plastic cubes. In addition, there is a bi-polar, inductive-
pickup cross talk which is observed in the neighboring
PMTs from large amplitude pulses in the primary PMT.
Our objective is to invert this matrix equation to solve
for e, the vector of cube energies, but first, we need to
determine the transfer matrix, M. Even then, we will
5not be able find an exact solution to Eq. 2, since M has
no inverse.
A data driven approach is used to determine the ele-
ments of the transfer matrix. This is the best way ensure
that all effects are properly accounted for. We use ver-
tical muons, which are easily identified in our detector
by requiring that the observed light be consistent with
coming from the same single cube position in each plane.
By definition, a vertical muon produces light in only one
cube per plane, whose position is well-known from the
xy-coordinates of the vertical muon. Unchanneled light
and electronic cross talk spread this signal over all chan-
nels in the plane. By collecting a large sample of vertical
muons [11] we can map the 16 PMT responses from each
of the 64 cube positions. According to our simulation,
the most probable energy deposition for a muon that
satisfies the vertical selection is 11.42 MeV/cube. The
transfer matrix elements are scaled to an equivalent en-
ergy of 1 MeV. In constructing the final transfer matrix,
which is applied to all layers, we average the elements
from the matrices measured in the middle three detector
layers. We do this because we can only be certain that
a “vertical” muon’s path through a layer was fully con-
tained in a single cube when there are a confirming hits
above and below that layer, but in the case of the top and
bottom layers one of these confirming hits is missing.
A sample of the vertical muon spectra from cubes
at three different distances from the PMTs is shown in
Fig. 2. The width of these energy distributions is the
result of the natural Landau distribution in dE/dx, the
geometrical acceptance for muons which are not exactly
vertical and the intrinsic resolution of the detector. The
shift in the peak position as a function of distance from
the PMT shows the progression of light attenuation in
the ROL. This effect is explicitly accounted for in the
the transfer matrix. Both the unchanneled light and the
electronics cross talk scale with the amount of light de-
tected in the primary channel, but the variances of the
unchanneled light and electronics cross talk components
do not. For unchanneled light the variance scales with
the Poisson statistics of the photons at the PMT cathode,
while for cross talk the variance scales with the electrons
at the PMT anode. The future, full detector will use
electronics without cross talk.
GEANT4 [12] was used to compute the true cube-by-
cube energy depositions for a set of simulated gamma
and IBD events. Using the transfer matrix, M, and ran-
dom fluctuations drawn from a Poisson-distribution with
the appropriately scaled variances, this truth informa-
tion was propagated to create a Monte Carlo realization
of the measured PMT signals. This sample was used to
test and tune the event reconstruction. As previously
stated, Eq. 2 has no exact solution, any approximate so-
lution must compensate for the lack of observables by
some regularization scheme, which essentially amounts to
using a Bayesian prior to select among the possible solu-
tions. For our analysis the goal is to correctly reconstruct
the number of cubes with a non-zero energy deposition,
FIG. 2. Shown are vertical muon energy spectra at three
different distances from the PMTs. The inset shows the effec-
tive light attenuation in the ROL as determined from verti-
cal muons, at around 11.5 MeV, compared to the attenuation
measured with the Compton edge of the 1.275 MeV gamma
from 22Na.
with a preference for suitable solutions with the fewest ac-
tive cubes. This matches our expectation for IBD events,
which the Monte Carlo has shown will almost never have
more than five cubes with true energy depositions above
the detection threshold in the MiniCHANDLER detec-
tor.
Using the variance found from data we construct a
suitable likelihood function, L, to measure how well a
given set of reconstructed cube energy depositions, er,
corresponds to the measured PMT signals, ps. We min-
imize Lˆ ≡ − logL by the following algorithm: We start
by setting all er(x, y) = 0 (i.e. all positions have an ini-
tial energy of zero), and the set of cubes with non-zero
energy deposition, λ, is initially empty.
1. Find the additional cube (x, y) that yields the
smallest Lˆ, when Lˆ is minimized by varying er of
all cubes in λ plus the new cube (x, y).
2. If min(Lˆ(λ))−min(Lˆ(λ+ (x, y))) < Lc, go to step
5.
3. Add cube (x, y) to the set, λ.
4. While λ has less than five cubes, return to step 1.
5. If Lˆ < Lg, accept event as reconstructed, otherwise
declare the reconstruction failed.
This algorithm allows the reconstruction to assign en-
ergy depositions to additional cubes as long as the im-
provement in Lˆ is sufficiently large (> Lc). This cutoff
prevents over-fitting, since adding a cube always will de-
crease Lˆ. The reconstruction is limited to no more than
five cube in a layer, which is a conservative upper-limit
relative to the observation in our Monte Carlo that IBD
events have no more than five active cubes in the whole
6detector. Step 5 ensures that the fit is a good match to
the data by requiring the final Lˆ to satisfy a quality cri-
terion (< Lg). This is rarely violated by IBD events in
the Monte Carlo, and in data, where the true composi-
tion of the event types is unknown we find about 7% of
events fail this criterion in at least one layer. We thus
quote a reconstruction efficiency of 93%, but presume it
to be much higher for true IBD events. The fit cutoff, Lc,
was tuned on Monte Carlo IBD events and the quality
parameter, Lg, was tuned on background data samples.
This maximizes the reconstruction fidelity to the true
cube positions and energy depositions, and minimizes re-
construction failures.
As a test the reconstruction was applied to a sample
of vertical muons from across the whole detector. The
resulting energy spectrum was fitted to a convolution
of Landau and Gaussian distributions. The fitted peak
value was in good agreement with the most probable en-
ergy deposition from the simulation. We interpret the
fitted Gaussian σ to be the average energy resolution at
12 MeV, which was found to be 2.6%. If the resolution
scaling is purely stochastic this corresponds to an average
resolution of approximately 10%/
√
E(MeV).
V. IBD ANALYSIS
To form IBD event candidates, we begin by match-
ing each neutron capture candidate with all non-neutron
events with a successful reconstruction from the preced-
ing 1000µs. Next we apply a prompt/delayed spatial sep-
aration cut. The prompt event position is assigned to the
center of the most energetic cube of the primary event.
To assign the position of the delayed event we distinguish
sheet and cube neutrons, as explained previously. As we
expand the allowed separation, more correlated events
are included in the sample. At short distances we find
the largest enrichment of true IBD events, but as the sep-
aration grows fast neutron events start to dominate. To
select the optimal separation cut, we studied IBD signal
significance as a function of the separation cut. Figure 3
shows the ∆χ2 relative to the null hypothesis, plotted
as a function of the maximum allowed prompt/delayed
separation. The stepped nature of this plot is due to the
quantization of separation distances inherent in the cube
structure. The significance peaks at a separation of 1.5
cube lengths, or 9.3 cm. At this distance the cut includes
the 19 nearest cube and 20 nearest sheet positions. From
our IBD Monte Carlo we estimate that 67.3% of true IBD
neutrons are captured within this region. As the IBD to
fast neutron ratio improves in future incarnations of the
detector, this cut can be opened up to improve the IBD
efficiency while maintaining maximal significance.
The 3D segmentation of MiniCHANDLER allows to
further select events based on the topology of the event.
Under perfect conditions, one would design cuts to specif-
ically tag the two 511 keV positron annihilation gam-
mas. In the current MiniCHANDLER detector this is
full analysis
no topological cuts
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FIG. 3. The significance of the IBD signal, in ∆χ2 relative
to the null hypothesis, plotted as a function of the maximum
allowed prompt/delayed separation distance in cube lengths.
not practical for two reasons: First, the detector is too
small to efficiently contain the first Compton scatter from
both annihilation gammas. Second, with the current
light collection scheme the detector’s energy threshold
is about 50 keV, and at that level, many of the annihi-
lation gamma Compton scatters are unseen in the de-
tector. Therefore, we have implemented a set of cuts to
retain events with any weak hint of the positron anni-
hilation gammas, while rejecting events that are clearly
inconsistent with their presence. Specifically, we required
there to be least 1 cube, beyond the primary (or high-
est energy) cube, with energy deposition in the range
50 keV ≤ er ≤ 511 keV. Further, we require that the sum
of energies in all cubes, excluding the primary cube and
its most energetic immediate neighbor, be no more than
1022 keV, and that outside of the those two cubes that
there is no single cube energy above 511 keV. This last
cuts are designed to remove fast neutrons with multiple
proton recoils. As can be seen by comparing the green
and orange lines in Fig. 3, these topological cuts improve
the signal significance from ∆χ2 = 7.7 to ∆χ2 = 29.7,
or equivalently the signal to noise is improved by a fac-
tor of about 4. This demonstrates that the fine-grained
3D segmentation at the core of the CHANDLER tech-
nology adds considerable value relative to the courser-
grained 2D segmentation use in other contemporary de-
tectors [13, 14]. With anticipated improvements to the
light collection and a large detector to better contain
the annihilation gammas, the efficacy of these topolog-
ical cuts should be significantly enhanced.
The surviving events are split into reactor-on and
reactor-off samples (see Tab. I). In each sample they are
sorted, by their reconstructed prompt energy into 20 bins
from 0.5 − 20 MeV, with the lowest energy bin being a
0.5 MeV wide and all other bins being 1 MeV wide. In
each energy bin, the prompt/delayed ∆t distribution is
fitted with an exponential plus flat function. The expo-
nential time constant, τ , is fixed to 94µs, as was deter-
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FIG. 4. Shown is a histogram of ∆t for all events in the en-
ergy range of 1-20 MeV. This distribution is fitted with an ex-
ponential plus constant to extract the true correlated events.
The fit begins above 40µs (in yellow) to bypass the low ∆t
region, where instrumental effects are known to distort the
distribution.
mined from a single ∆t-fit to the data from all energy
bins and reactor periods (see Fig. 4). These ∆t-fits are
used to statistically separate the time-correlated events
(the exponential component) from the random coincident
events (the flat component). Using all positron candidate
events in the 1000µs proceeding a neutron — as opposed
to just using the first event, or vetoing all events when
two or more positron candidates are observed — ensures
that the ∆t-distribution from the random coincident con-
tribution is flat. Then, by fitting this distribution out to
more than 10 neutron capture lifetimes, we get a high-
fidelity, high-statistics measure of the random compo-
nent, which is subtracted from the distribution to get
the correlated rates. A sample ∆t-distribution with fit is
shown in Fig. 4. Due to effects related to the analog side
of our signal processing chain, we exclude the first 40µs
from the fit and the subsequent analysis; this results in
a loss of 34% of all true IBD events.
In the final step of the analysis we will perform a back-
ground subtraction by taking the difference of correlated
events in the reactor-on periods to reactor-off. In this
step there is a danger of introducing structure into the
energy spectrum if the detector operation was not stable
over time. Fig. 5 shows the correlated (red) and random
coincident (blue) event rates, as a function of time, as ex-
tracted from the ∆t-distribution fits. The random coin-
cident rate shows large variations between periods, which
are linked to specific operational events at the plant. For
example, during the shutdown, when the thermal neutron
rate from the reactor was essentially zero, the random
coincident rate was cut in half. Similarly, at the start
of period 3 we see a slightly higher random coincident
rate. This corresponds to the arrival, next to the Mobile
Neutrino Lab, of several shipping containers containing
low-grade activated equipment for the coming refueling.
The resulting spike in gamma activity forced us to in-
crease the trigger threshold from 10 ADCs over baseline
to 14. A threshold of 14 ADCs was applied in software
to the data from periods 1 and 2 after the fact.
The period-to-period jumps observed in the random
coincident rate are not seen in the correlated event rate.
Instead, smaller undulations are observed which are anti-
correlated with the atmospheric pressure. This is exactly
what one would expect if the correlated rate were domi-
nated by fast neutrons in the cosmic ray flux, as should be
the case here, since this plot was made without applying
the topological cuts designed to reject the fast neutrons.
It is well known that cosmic neutron rate is closely cor-
related with the atmospheric pressure, which represents
variations in the mass of the atmosphere above the de-
tector. The air pressure shown in the middle panel of
Fig. 5 was measured at the Louisa County Airport, lo-
cated 16.7 km from the North Anna Nuclear Generating
Station, and was obtained from the NOAA website [15].
Using this data, we compute a correction factor for the
measured pressure, P , relative to the average pressure,
P0, which is equal to e
−α(P−P0) with α = 7.3 atm−1 [16].
This correction factor is applied to the measured corre-
lated event rates, which, once corrected, is stable across
all data taking periods, as is shown in the bottom panel of
Fig. 5. The orange band represent the average statistical
error of the correlated event rate.
While the air pressure’s impact on the fast neutrons
is a well-understood phenomenon that can be compen-
sated for in the overall rate, it was not immediately clear
that differences in the average air pressure between the
reactor-on and reactor-off periods would not introduce
an energy dependence in the correlated rate that could
mimic an IBD signal. To test this hypothesis, the reactor-
on data were split into high-pressure and low-pressure
sets and the analysis was run on both halves. To within
the precision available in these sub-samples, the signal
was comparable.
For the reactor-on/reactor-off subtraction we exploit
the fact that no IBD events are expected above 8 MeV.
A scale factor is calculated as the ratio of correlated
events from 8 MeV to 20 MeV in reactor-on period to
the reactor-off period. This scale factor is then applied
to the number of correlated events in energy bins in the
reactor-off spectrum. Only after scaling do we perform
the reactor-off subtraction. The resulting spectrum is
shown in Fig. 6. The error bars are obtained by prop-
agating the error on the correlated event rate from the
∆-t fit in each bin from both the reactor-on and -off pe-
riods. The overall error on the scale factor is not shown
but included in the computation of the likelihood.
To compute the expected IBD spectrum and num-
ber of events we use the Huber-Mueller reactor flux
model [17, 18], and the IBD cross section from Ref. [19]
with a neutron lifetime of 878.5 s. The thermal reac-
tor power is taken to be 2.94 GW and the core-detector
distance is 25 m. The detector mass is 80 kg, comprising
4×1027 target protons. From simulation we compute that
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FIG. 5. The top panel shows the rates, as a function of time, for correlated (red) and random coincident (blue) events as
extracted from a fit to the ∆t-distribution in each 8 hour period. The events were selected with 1 MeV ≤ Eprimary ≤ 20 MeV
and 40µs ≤ ∆t ≤ 500µs, with no other cuts applied. The middle panel shows the time dependence of the atmospheric pressure,
which appears to be anti-correlated with the variations in the correlated event rate. The bottom panel shown the correlated
event rate corrected for atmospheric pressure as described in the text. The orange band is the average 1σ uncertainty on the
correlated event rate. The run periods are described in Table I. The gray shaded periods (5 and 6) correspond to reactor-off.
The blue shaded periods (4 and 7) correspond to reactor power ramping, and are not used in the IBD analysis.
46% of all IBD neutrons in the detector capture on 6Li.
Of these 34% are lost when we discard the first 40µs in
∆t. The total reactor-on data set is comprised of 1133.6
hours of good data. Under these assumptions we expect
about 3500 IBD events. Given the uncertainties in Monte
Carlo, reactor distance, and spill-in/spill-out effects, it is
difficult to assign a firm error, but 10-20% appears rea-
sonable. GEANT4 is used to simulate the cube-level en-
ergy depositions from IBD events, but we do not use it to
propagate photons through the ROL. Instead we generate
the PMT signals in ADCs using the forward transfer ma-
trix derived from vertical muons, followed by a Poisson
smearing based on the observed and scaled variance. The
simulated PMTs signals are run through the reconstruc-
tion and event selection just like the data. Therefore,
any non-linearity in the reconstructed energy spectrum
should be common to both data and Monte Carlo, at
least to within the precision of this analysis.
We perform a fit of the amplitude a of this predicted
signal to the observed reactor-on/off difference data and
in this fit we fully account for the statistical uncertainty
of the normalization between the two data sets. The re-
sult of the fit is the best-fit value for this amplitude, aˆ; the
significance quoted corresponds to
√
χ2(aˆ)− χ2(a = 0).
We find 2880 ± 528 IBD events relative to 3,500 ex-
pected events, indicating an overall IBD reconstruction
efficiency of 82%. Given that the distance cut has a sim-
ulated efficiency of 67%, and that we expect the topo-
logical cuts to be very effective for true IBD events, this
is within expectations. Overall, this constitutes a 5.5σ
detection of IBD events from a reactor with no overbur-
den. Our IBD signal has the expected temporal, spatial
and energy signature expected for true IBD events. This
is the first time that the antineutrino energy spectrum
has been reconstructed using a detector this small. This
is also the first observation of reactor neutrinos with a
detector with essentially no overburden.
The MiniCHANDLER project was undertaken with
the singular goal of demonstrating the detection of re-
actor neutrinos with the CHANDLER technology. Many
corners had to be cut to complete the project within its
limited budget. For example, we used old PMTs from a
long-forgotten experiment and we had to forgo the pur-
chase of compound parabolic light guides to couple the
square cube surface to the circular PMT face. Bench
tests with our MicroCHANDLER prototype have shown
that the combination of new PMTs (Hamamatsu R6321-
100) and light guides improves the energy resolution by
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FIG. 6. Shown is the result of the subtraction of reactor-on correlated events minus the reactor-off correlated events. The
data points in green were used to determine the reactor-off normalization in this subtraction. The blue data points are in the
IBD-signal region and the histogram is the best-fit Monte Carlo IBD spectrum.
a factor of two compared to the old Amperex XP2202
PMTs alone. Critically, the proposed new optics allows
us to cleanly resolve the Compton edge of a 511 keV
gamma, which will greatly improve the efficiency of the
topological event selection.
Other future improvements include an upgrade of the
electronics, based on the SoLid detector readout [20].
This will have at least three known benefits: 1) increas-
ing the dynamic range by a factor of four, 2) fixing
an undershoot/overshoot in the analog signal affecting
high-primary energy event pairs with ∆t < 40µs, and
3) eliminating cross talk. Additionally, we will double
the 6Li concentration by putting a neutron sheet in
the middle of each cube row. Simulations show that
this half-cube modification will increase the 6Li capture
efficiency by 35%, while decreasing the capture time by
48% [21]. After returning from North Anna we tested
this configuration by modifying a single layer of the
MiniCHANDLER detector and have found it to have no
measurable effect on the light collection, while reducing
the capture time and increasing the 6Li capture rate in
agreement with simulation. Finally, simulations show
that just a meter of water equivalent shielding should
reduce the fast neutron background by an order of
magnitude [21]. Future deployments of CHANDLER de-
tectors will likely be accompanied by a water tank which
can be filled to provide an overburden of up to one meter.
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